Electrophysiological studies have documented the existence of synapses showing only NMDA ionotropic glutamate receptor function that are therefore presumably "silent" at resting membrane potentials. Silent synapses are more prevalent in young than in older neurons, and NMDA receptor activity at such contacts may facilitate the appearance of functional AMPA receptors. However, it is uncertain whether such silent synapses actually have a function in young neurons independent of AMPA receptor induction. (LoTurco et al., 1995). NMDA receptors, which have been implicated in neuron migration (Komuro and Rakic, 1993) , appear only after young neurons leave the ventricular zone (L oT urco et al., 1991, 1995). Later during neuropil maturation, both AM PA/KA and NMDA receptor f unctions affect the morphology of postsynaptic cells (Mattson et al., 1988; Rocha and Sur, 1995) , and NMDA receptor activity refines the pattern of afferent termination (Cline et al., 1987; Bear et al., 1990; Hahm et al., 1991) .
Ionotropic glutamate receptors have been implicated in many stages of brain development. Thus, AM PA / kainate (AMPA/ KA) receptors are initially expressed in the ventricular proliferative zone of the neocortex, where their activation decreases DNA synthesis and may initiate neuron differentiation (LoTurco et al., 1995) . NMDA receptors, which have been implicated in neuron migration (Komuro and Rakic, 1993) , appear only after young neurons leave the ventricular zone (L oT urco et al., 1991, 1995) . Later during neuropil maturation, both AM PA/KA and NMDA receptor f unctions affect the morphology of postsynaptic cells (Mattson et al., 1988; Rocha and Sur, 1995) , and NMDA receptor activity refines the pattern of afferent termination (Cline et al., 1987; Bear et al., 1990; Hahm et al., 1991) .
Most recently, a significant proportion of young synapses in several brain regions have been reported to show NMDA but not AMPA receptor activity. Conversion of such pure NMDA receptor and therefore presumably silent synapses to mixed NMDA and AM PA receptor synapses can occur via NMDA receptor activity induced during experimental pairing of presynaptic activation and postsynaptic depolarization (Liao et al., 1995; Durand et al., 1996; Wu et al., 1996; Isaac et al., 1997) . Thus, activation of NMDA receptors leading to increased AM PA receptor function might constitute a previously unrecognized step in synaptic maturation. However, it is not yet clear whether these early NMDA receptors are normally active or whether their activation has any significant effect on neuron morphology or on the development of circuitry before the appearance of AMPA current.
In this report, a dissociated Xenopus tectal neuron culture system is characterized and used to study the function of NMDA receptors during the earliest stages of circuit formation. Our data demonstrate a pronounced sprouting effect of NMDA receptor antagonists before AMPA/KA currents or action potential activity play a significant role in activating nascent circuitry or removing the NMDA receptor Mg 2ϩ block. These findings suggest that silent synapses are not silent. Instead, one of their earliest functions seems to be reducing neurite motility, and we propose that it is this event that allows synaptogenesis to proceed.
MATERIALS AND METHODS
Xenopus dissociated tectal cultures. Tectal lobes from anesthetized (0.5% topical MS 222) Xenopus laevis tadpoles (stages 55-60; Nieuwkoop and Faber, 1967) were dissected into C a 2ϩ -and Mg 2ϩ -free Steinberg's solution (NC M-EDTA-HBSS with 58 mM NaC l, 0.7 mM KC l, 4.6 mM H EPES, and 0.4 mM EDTA) and then transferred to digestion solution for 30 min (NC M-EDTA-HBSS with trypsin and BSA at 1.3 and 3 mg /ml, respectively). After digestion, centrif ugation, and addition of trypsin inhibitor at 1 mg /ml, tissue was transferred to culture medium with DNase-I at 0.1 mg /ml and was triturated with a fire-polished Pasteur pipette. After centrif ugation to remove cellular debris, isolated tectal cells were resuspended in different amounts of culture medium to achieve the desired cell density (low-density cultures, ϳ200 cells/cm 2 ; highdensity cultures, ϳ1000 cells/cm 2 ). Coverslips used for culturing were coated with poly-L-lysine in 0.1 M boric acid, pH 8.3, or water. Culture medium was composed of 50% L -15, 10% fetal calf serum, 2% penicillin and streptomycin, and 0.1% gentamycin. The ion concentration of this medium was Na ϩ , 85 mM; K ϩ , 3.3 mM; Mg 2ϩ , 2 mM; and C a 2ϩ , 1.67 mM; the medium was buffered by 2 mM NaHC O 3 and 20 mM H EPES. Serum helps to maintain longer cell survival. Similar effects of AP-5 were observed in cultures without serum. Cultures were incubated at 18°C and could be maintained for at least 10 d.
Immunoc ytochemistr y. After fixation in 4% paraformaldehyde with 0.12 M sucrose, cultures were permeabilized with 0.3% Triton X-100 for 3-5 min. Nonspecific binding was blocked for 2 hr with 3% BSA or 1.5% goat serum. Primary antibodies [anti-tubulin, 1:100; anti-synaptosomalassociated protein (SNAP)-25, 1:500; anti-synaptophysin, 1:400; antiglutamate, 1:1000; and anti-GABA, 1:50] were applied for 2 hr at room temperature or overnight at 4°C. Fluorophor-conjugated secondary antibody was used to localize specific antigens by either conventional epifluorescence or confocal microscopy. Differential interference contrast (DIC) and fluorescent images were captured by a Cohu 4915 CCD camera and were digitized by a frame grabber-equipped personal computer or Macintosh. Images were stored on an OMDR disk or as binary files in the computer. Some images were processed with N IH Image to enhance contrast and sharpness. Macros for controlling the light shutter, camera frame integration, and OMDR operations were developed by S.-Y. Lin. N IH Image was written by W. Rosband at the National Institutes of Health. In the comparison of immunocytochemical staining, the gain, black level, and the number of video frames integrated were maintained throughout experiments. Pseudo color and composite digital images were produced under Adobe PhotoShop.
Morpholog ical anal ysis of cells in culture.
A region 670 m in diameter at the center of culture coverslips was marked, and the same 0.3 mm 2 region in this field was photographed each day through a Nikon Diaphot equipped with phase-contrast optics at 1, 2, and 3 d in vitro (DIV). Morphological analyses were performed under the National Institutes of Health Image program, with several customized macros to generate working images and organize the analysis. PhotoShop plug-ins developed by Dr. J. Russ at the University of North C arolina were used to overlay square grids onto the images and count dots, which were placed to represent cell number, neurite ends, and grid crossings. Data were then normalized by cell number before calculation of averages and SEs. One-way ANOVA was used in all morphometric comparisons.
Calcium imag ing. C alcium imaging was performed using an MRC -500 confocal microscope equipped with an argon laser and a 40ϫ Zeiss Plan-Apo objective (numerical aperture, 1.0). This was upgraded to an MRC -600 during the course of these experiments. Tectal cells were loaded with fluo-3 (5 M fluo-3 in DMSO and 3 M F-127 in culture medium) for 30 -35 min and washed with frog saline solution (FSS) (C line and Tsien, 1991) : 100 mM NaC l, 2 mM KC l, 2.5 mM CaCl 2 , 3 mM MgC l 2 , 5 mM glucose, and 5 mM H EPES. Coverslips containing the cells were mounted in a customized chamber (Yale medical school machine shop) and perf used with FSS for 15 min. Fluorescence was excited by 488 nm emission of the argon laser. For stimulation of NMDA receptors, 100 M NMDA in Mg 2ϩ -free FSS containing 5 M glycine was perf used through the chamber for 80 sec, followed by FSS for 3 min. In most experiments, the quantitative data were collected in fields from three to four different cultures representing at least two different dissociations. Eight-bit gray scale images were collected at 2-10 sec intervals and stored on an OMDR disk for later analysis. A macro developed by Dr. Haig Keshishian controlled batch processing of time-lapse OMDR recordings on the MRC -500/600.
Fluo-3 fluorescence intensity changes were estimated by measuring the pixel value of images. N IH Image macros and programs developed by S.-Y. Lin were used for marking multiple cells and for recording measurements from the same cells in multiple frames from the OMDR images. C ells with fluorescent response saturating the eight bit gray scale level were not measured. Intracellular free C a 2ϩ concentration changes (⌬[C a 2ϩ ] i ) were estimated as ⌬F/F0, where ⌬F is fluorescent intensity of the response minus the baseline intensity and F0 was derived from the averaged intensity of the first 10 -20 frames minus the background in the cell-free region (Kao et al., 1989) . This method cancels differences in initial dye loading, but it is susceptible to changes in cell volume and photobleaching, which can change the intracellular dye concentration and subsequently change the baseline fluorescent intensity. Therefore, cells that changed their fluorescent intensity Ͼ10% by the end of an experiment were eliminated from f urther analyses.
SDS-PAGE and Western blotting. Protein samples were collected and homogenized in Laemmli buffer (Laemmli, 1970 ) with a cocktail of protease inhibitors (Boehringer Mannheim, Indianapolis, I N) and were boiled for 3 min at 90°C. Protein concentration was determined with the Bio-Rad DC kit (Hercules, CA). DTT and bromphenol blue were added to the protein samples after concentration was determined. Equal amounts of protein (5-10 g) were loaded onto each lane of 10% polyacrylamide gels. After electrophoresis, separated proteins were transferred to nitrocellulose paper, and the transfer efficiency was estimated by Ponceau-S staining. Nitrocellulose paper with protein was then incubated with 3% gelatin for 1.5 hr to block nonspecific binding sites, and primary antibodies were applied (anti-SNAP-25, 1:1000; antisyntaxin, 1:500; and anti-tubulin, 1:250) for 1.5 hr, followed by extensive washing with Tris-buffered saline with 0.1% T ween 20. A peroxidaseconjugated secondary antibody was used at 1:3000 to 1:5000 dilution for 30 min, followed by three washes. Specific protein bands were visualized with x-ray film using the enhanced chemiluminescence method according to the recommendations of the manufacturer (Amersham, Arlington Heights, IL). In initial Western blotting, entire lanes were reacted with single antibodies to ensure specificity and nondegradation of protein (single band). Subsequently the nitrocellulose papers were cut to isolate particular molecular weight ranges so that multiple antigens could be followed in the small protein samples available.
Protein quantification was accomplished by digitizing the x-ray film images with a Dage Nuvicon video camera and a frame grabber in Macintosh. The integrated peak optical density (OD) value of an entire protein band was measured by calibrating the pixel values to external OD standards (Kodak). Usually, a serial dilution of protein derived from one treatment group was included in each PAGE gel to verif y that the signal was in the linear range of the detection system. Because absolute protein amount remains unknown, data are presented as a comparison between treated and control groups. National Institutes of Health Image and the macro Gel Macro in N IH Image were used to measure the integrated peak OD value.
Materials and antibodies. Xenopus tadpoles were purchased from Xenopus I. D,L-2-Amino-5-phophonovalerate (AP-5) was from Tocris. 6-C yano-7-nitroquinoxaline-2,3-dione (C NQX) was from Research Biochemicals (Natick, M A). TTX was from C albiochem (La Jolla, CA). Fluo-3, BAP TA AM, and FM 1-43 were from Molecular Probes (Eugene, OR). L -15 medium and fetal calf serum were from Gibco. All other chemical regents were purchased from Sigma (St. L ouis, MO). Anti-SNAP-25 monoclonal antibody was from Sternberger. Anti-glutamate and anti-GABA antibodies were from Sigma. Anti-tubulin and anti-glutamic acid decarboxylase (anti-GAD) monoclonal antibodies were from Boehringer Mannheim. Peroxidase-conjugated antibodies were from Jackson Labs. Anti-syntaxin and anti-NMDA R1 subunit were gifts from Drs. C. Barnstable and R. Jahn (Yale Medical School), respectively.
RESULTS

Characterization of tectal cell cultures
Previous work on dissociated tadpole tectal cultures has identified a population of small round cells with fine processes as neurons on the basis of staining with the LINC monoclonal antibody, which recognizes axons in the leopard frog Rana pipiens (Steen et al., 1989) . That study also morphologically identified several other cell types, only one of which had a definitively non-neuronal, fibroblast-like shape. We found the same morphological types in the larval Xenopus tectal cells used in this study and immunocytochemically characterized the neurons in terms of the excitatory and inhibitory amino acids glutamate and GABA, respectively. After 6 d in vitro, 71% of the cells with nonfibroblast morphology in the cultures were positive for glutamate antibody (n ϭ 146 cells from two cultures), and 13% of the nonfibroblast-like cells were positive for GABA antibody (n ϭ 144 cells from two cultures). The specificity of the GABA antibody was confirmed by doublelabeling cultures with a mouse antibody against GAD. Essentially all of the GABA-positive cells in double-stained cultures also showed anti-GAD staining. Staining for anti-glial fibrillary acidic protein (GFAP), we identified 3% of the population with a bipolar morphology and unusually thick processes as glia. However, it is likely that the glial population is somewhat higher, because not all astrocytes can be stained with anti-GFAP and numerous differentiating oligodendrocytes are found in intact tadpole tecta (Steen et al., 1989) . The cell counts presented in this report include only cells with nonfibroblast-like morphology. Based on the immunocytochemical characterization above, GABAergic and glutamatergic neurons occur in these cultures in a ratio of ϳ1:6. This proportion of GABAergic cells is similar to that observed in young cultures of mammalian superior colliculus (Warton et al., 1990) .
To facilitate analyses of neurite growth and synapse formation, we characterized staining in tectal cultures with antibodies to SNAP-25, syntaxin, and synaptophysin and compared these with cytoskeletal staining using anti-␤-tubulin antibody (Fig. 1) . Some of the somata and processes in these cultures were heavily stained with SNAP-25 and syntaxin antibodies (Fig. 1) . Most of the SNAP-25 staining was concentrated in the contact area between cell bodies, where numerous neurites and small branches fasciculated. In some cells, heav y SNAP-25 staining could be found in the tips of short branches extending directly from the soma. As in previous reports using mammalian cells (Osen-Sand et al., 1993), SNAP-25 appeared to stain the axon compartment as well as contacts in young tectal neurons. Syntaxin staining was similar to SNAP-25 staining except that the signal was weaker. The relatively low density of punctate staining seen with antibodies raised against the frog synaptic vesicle protein synaptophysin was similar to that seen in young cultures of neonatal mammalian neurons (Fletcher et al., 1994) .
We found no markers that were selective for the dendritic compartment of cultured frog neurons. Antibodies against mammalian microtubule-associated protein 2 (MAP 2; antibody clones, AP18 and AP20 from NeoMarker, HM-2 from Sigma, and SMI 52 from Sternberg) and against sprouting Drosophila neurons (DMAP 55, from D. Carr) failed to react or reacted nonspecifically in tectal sections or cultures. DMAP 55 antibody was later found to recognize sprouting dendrites and axons in mammalian brain (Alcantara et al., 1995) . It is also possible that axonal and dendritic compartments may not be distinct in young tectal neurons, because axons in vivo generally arise from the proximal regions of the dendritic tree (Katz and Constantine-Paton, 1988) .
Ca
2؉ response to exogenous and endogenous glutamate
Most frog tectal neurons express both AM PA/KA and NMDA glutamate receptors at the synapses that receive inputs from the retina and other tectal neurons (Hickmott and ConstantinePaton, 1993 ). Fluo-3 was used to examine NMDA and AMPA/KA receptor activity in cultured tectal neurons by monitoring changes in ⌬[C a 2ϩ ] i in response to applied glutamate or NMDA and then by comparing these responses with responses to agonist plus antagonist. The results of these experiments for tectal neurons 1-2 DIV are presented in Figure 2 . The trace of ⌬F/F0 on the lef t in Figure 2 A, made from a cell in 3 mM Mg 2ϩ , illustrates typical decreases in the C a 2ϩ response to glutamate with either 200 M AP-5 or 20 M C NQX added to the stimulating solution. The response to agonist alone was tested before and after presentation of the solutions containing receptor blockers in all of these experiments. The two agonist responses were then averaged to compare with the response of agonist plus antagonist. AP-5 reduced the ⌬[C a 2ϩ ] i response to 39.3% (Ϯ 8 SEM) of the response to glutamate alone, whereas surprisingly CNQX had a smaller effect, reducing the response to only 59.1% (Ϯ 3.8 SEM) of the response to glutamate alone. In the graph on the right of Figure 2 A, the relative effects of C NQX and of AP-5 on the C a 2ϩ response to glutamate are plotted against each other for each of the 27 neurons examined. Most points fall above the diagonal, illustrating that AP-5 had a considerably larger effect than did C NQX on decreasing the C a 2ϩ response to glutamate in the majority of these young tectal neurons. Such a result was unexpected; if AM PA/KA channel f unction is necessary to remove the Mg 2ϩ blockade on the NMDA channel in these neurons, then blocking AM PA/KA receptors with C NQX should eliminate both the C a 2ϩ influx initiated by the AM PA channels and the C a 2ϩ influx through NMDA receptors. To determine whether the C a 2ϩ response to glutamate remaining in the presence of C NQX was in fact mediated by NMDA receptor channels, we next applied glutamate with both CNQX and AP-5. The ⌬F/F0 trace on the lef t in Figure 2 B illustrates that the simultaneous application of these two antagonists completely eliminated the response to glutamate. The histogram on the right in Figure 2 B summarizes these data for all 47 cells tested and shows that complete elimination of the glutamate response by CNQX plus AP-5 was seen in the vast majority of tectal neurons.
One possible explanation for this surprising observation that NMDA receptors f unction in the absence of AM PA receptors is that young tectal neurons do not have a typical Mg 2ϩ -dependent voltage blockade. However, Figure 2C shows that this is not the case. The trace on the lef t of the figure shows a typical response of a tectal neuron to 100 M NMDA presented in 0 Mg 2ϩ . This response can be blocked by 3 mM Mg 2ϩ . For the 24 neurons tested in this way, only 2.6% (Ϯ 0.61 SEM) of ⌬[C a 2ϩ ] i induced by NMDA was maintained in the presence of Mg 2ϩ . Thus, the NMDA receptors expressed on these neurons have a normal Mg 2ϩ sensitivity. These data also eliminate the possibility that the neurons are tonically depolarized and therefore insensitive to Mg 2ϩ blockade. The histogram in Figure 2 D summarizes all of the data on blocker-induced decreases in Ca 2ϩ response to glutamate. The experiments indicate that depolarization sources other than AMPA/KA receptor-mediated currents must be present to allow the NMDA receptor to respond to glutamate in these young tectal neurons.
Under phase-contrast or DIC optics, fields of young, lowdensity tectal cells could be grouped into contacted or isolated populations with neuron-like morphology. We characterized the noncontacted cells further with the intent of using them as internal controls for the effects of glutamate released by endogenous contacts. To eliminate the possibility that the noncontacted population represented non-neuronal or unhealthy cells, we used Ca 2ϩ imaging to examine the response of both contacted and noncontacted cells to NMDA in the absence of Mg 2ϩ . Of 75 cells examined at 1 DIV, only seven cells were unresponsive to NMDA (9.3%). Of these cells, three were isolated, and four were in contact with other cells. At 3 DIV, 92 cells were assayed. Ten cells (10.8%) showed no response. Nine of these cells were connected to other cells, and only one cell was isolated. Thus, most isolated cells in young tectal cell cultures are healthy, NMDA receptorexpressing neurons.
Several previous investigators have used 0 Mg 2ϩ plus glycine to induce a Ca 2ϩ -dependent and TTX-sensitive release of endogenous glutamate that can be detected by NMDA receptors in cultured hippocampal neurons (Abele et al., 1990; Verderio et al., 1995) . This Mg 2ϩ -inducible release of glutamate is inhibitable by Ca 2ϩ channel blockers and by botulinum toxin, suggesting that the mechanism of release is similar to conventional neurotransmitter release (Verderio et al., 1995) . Consequently, we have used 0 Mg 2ϩ plus glycine in the tectal cultures to determine whether contact sites in these cultures released glutamate sufficient to activate postsynaptic receptors despite the absence of robust synaptophysin staining. Figure 3 shows -free solution, indicating that approximately a third of the population could be driven from their glutamatergic contacts. Twenty-five of these cells were exposed to the Mg 2ϩ -free solution in the presence of AP-5. In all 25 neurons, the Ca 2ϩ response was completely eliminated, indicating that it was initiated by NMDA receptor activity and that neither AMPA/KA nor metabotropic receptor functioning alone could produce a detectable Ca 2ϩ response at neuron-neuron contacts. The ability of TTX to block the Ca 2ϩ response to Mg 2ϩ and glycine was tested in the remaining 10 responsive neurons. Unlike the previous work on cultured hippocampal neurons, TTX was ineffective in blocking the NMDA receptor-mediated response. In one final experiment, Ca 2ϩ responses to 0 Mg 2ϩ plus glycine were monitored in a field of neurons, and then the membranes of these neurons were visualized by perfusion with 1.5 g/ml of FM 1-43. In this field all nine neurons responding to 0 Mg 2ϩ plus glycine were contacted, and none of the isolated cells (n ϭ 3) responded to the Mg 2ϩ -free plus glycine solution even though all 12 cells responded to NMDA in 0 Mg 2ϩ . Thus, in these tectal neuron cultures, there is the potential for endogenous glutamate release and activation of glutamate receptors at sites of neuron-neuron contact even though action potentials probably play a negligible role in inducing release at these young synapses. This lack of TTX effect in our cultures is probably attributable to immaturity. A similar lack of action potential-evoked synaptic currents has recently been documented electrophysiologically in young cultures of fetal hippocampal neurons (Basarsky et al., 1994) .
NMDA receptor antagonists AP-5 and MK-801, but not CNQX or TTX, increase sprouting of tectal neurons
The preceding experiments document NMDA receptor function with minimal or no AM PA receptor f unction under two unnatural conditions: (1) 0 Mg 2ϩ solution with glutamate released endogenously but simultaneously at numerous contacts or (2) normal Mg 2ϩ concentration with bath-applied agonist that can activate both synaptic and nonsynaptic receptors. To determine whether these receptors had a discernible function that could influence subsequent development under more natural conditions, we studied the morphological responses of tectal cultures to chronic treatments designed to perturb synaptic activity. 
top). TTX has a negligible effect on this response (bottom).
The results indicate that the response to endogenous glutamate release is mediated by NMDA receptors and that amplification of glutamate release by circuit activity is not necessary to produce the response.
The histograms summarizing these morphological analyses are presented in Figure 6 . AP-5 treatment increased sprouting of contacted cells by the end of the first day in culture (1 DIV; p Ͻ 0.05; Fig. 6 A) , and this became more pronounced by 2 DIV ( p Ͻ 0.01). Effects of M K-801 on neurite sprouting were first detected at 2 DIV ( p Ͻ 0.01). Effects on grid crossings for both AP-5-and MK-801-treated cultures were first detected at 2 DIV ( p Ͻ 0.01; Fig. 6 B) . In contrast to the cultures treated with NMDA receptor antagonists, no significant differences from control in neurite sprouting or grid crossings were seen in the cultures treated with CNQX or TTX (Fig. 6 A, B) . Accurate neurite quantification was not possible on subsequent days in culture or in higher density cultures because of increased neurite density. However, effects of AP-5 were qualitatively apparent in cultures plated at higher densities and maintained for longer periods (Fig. 5B) . These older cultures were used for biochemical assays.
The question of whether the repression of neurite sprouting and elongation resulted from glutamate released endogenously at cell-cell contacts was addressed using the same fields in which neurites of contacted cells were assayed. If effective levels of glutamate were freely diff using in culture medium, then in the presence of NMDA receptor antagonist, isolated neurons in these fields should show an increase of neurite sprouting similar to that seen in the contacted neurons. The neurite tips per cell supported by isolated cells in all treatment groups were generally higher than were the neurite tips per cell in the contacted cells of the same fields (compare Fig. 6 A with C) . However, at all three time points, there was no significant difference in sprouting between isolated cells in control and in either AP-5-or MK-801-treated cultures. Thus, isolated neurons sprout more than contacted neurons, and sprouting in isolated neurons is unresponsive to ionotropic receptor antagonists or blockade of Na 2ϩ -dependent action potentials. These results are internally consistent with each other, and both support the hypothesis that NMDA receptors function to suppress sprouting independent of AMPA/KA receptors in response to the endogenous spontaneous release of glutamate at neuron-neuron contacts.
The same fields of cells were also evaluated for differential cell survival, because activation of glutamate receptors can be toxic to cells (Choi, 1988) . The only treatment that decreased cell survival was MK-801, and this decrease was not observed until 3 DIV (Fig. 6 D) . At this same time point, CNQX-treated cultures showed increased cell survival, providing the first indication of significant AMPA receptor function. Nevertheless, these data indicate that neurite sprouting or elongation is not consistently associated with increased cell survival.
BAPTA mimics AP-5's effects on neurite sprouting
To establish that ⌬[Ca 2ϩ ] i mediated by NMDA receptor activation is the parameter responsible for the suppression of sprouting, we used BAPTA to buffer changes in cytoplasmic Ca 2ϩ concentrations in sets of cultures and compared sprouting in these cultures with controls and with cultures treated with AP-5 (Fig.  7) . This analysis was possible because loading BAPTA into these cells was unlikely to affect endogenous glutamate release for two reasons. First, as indicated above, the glutamate release responsible for NMDA receptor activation in these cultures is primarily spontaneous and thus independent of transient Ca 2ϩ increases at presynaptic terminals (Katz and Miledi, 1969; Dale and Kandel, 1990; Adler et al., 1991; Tanabe and Kijima, 1992) . Second, at the frog neuromuscular junction, loading 100 M BAPTA AM for 5-150 min does not change the frequency of miniature end plate potentials or the quantal content of end plate potentials (Tanabe and Kijima, 1992) . Consequently, after 1 DIV, cultures from the same dissociation were divided into three groups. One group served as controls, and the second group was supplemented with AP-5. At 2 DIV, the third group was washed three times in FSS, and then cultures were treated with either 10, 5, or 1 M BAPTA AM in FSS for 30 min. After this loading, the BAPTA solutions were washed out and replaced with culture medium. AP-5-treated, BAPTA-treated, and control cultures were grown for 1 subsequent day and analyzed for sprouting. Ten micromolar BAPTA was toxic to most cells showing neuron morphology, and these cultures were not analyzed further. However, at 3 DIV, AP-5-and the 5 M BAPTA-treated cultures showed significant increases compared with controls in neurite sprouting per cell within contacted but not within the isolated cell populations ( p Ͻ 0.05 in 5 M BAPTA; p Ͻ 0.01 in AP-5; ANOVA).
Biochemical and immunocytochemical analysis of axonal proteins
Quantitative Western blots were used to assay protein changes in AP-5-treated and control tectal cultures. For these analyses, protein was harvested at 4 DIV (see Materials and Methods). Typically cultures resulting from the dissociation of ϳ30 pairs of stage 60 Xenopus tecta were used for the comparisons, and all Western blotting was run on paired lanes of protein from AP-5-treated and control cultures. Differences between treatment and control lanes for each antibody were examined using a paired t test.
Antibodies to SNAP-25, syntaxin, and the NMDA receptor subunit NR1 were used in these experiments. Anti-tubulin was also used to assay for major changes in cell volume. Each exper- iment measured at least three gels from at least three separate dissociations. Our results (Table 1 ; Fig. 8 A) indicated that AP-5 treatment consistently increased the expression of SNAP-25 ( p Ͻ 0.001) but not of syntaxin. N R1 antibody staining was very low compared with the other three antibodies examined, and this caused the quantitative measurement to be either indiscernible from noise or highly inconsistent. No changes were observed in the amount of ␤-tubulin. SNAP-25 immunocytochemical staining in neurites of AP-5-treated cultures also appeared more prevalent than in control cultures (Fig. 8 B) .
DISCUSSION
We have documented structural effects of NMDA receptor activation in young Xenopus tectal neurons at early stages of synaptogenesis before significant action potential activity or AMPA/KA receptors seem to play any role in the morphological response (Fig. 6) . Neither AM PA/KA receptor f unction nor sodium-dependent action potentials seem to be necessary to produce an NMDA receptor-mediated change in ⌬[C a 2ϩ ] i (Figs.  2 A, B, 3B, bottom) at the stage when these effects are observed. Furthermore, the NMDA receptor-mediated ⌬[C a 2ϩ ] i can be induced by endogenous glutamate release (Fig. 3 A, B) at cell contacts (Fig. 6 A vs C) , and it does not reflect a reduced receptor Mg 2ϩ sensitivity (Fig. 2C) . Normally in these cultures, NMDA receptor function must suppress both neurite initiation and elongation because NMDA receptor antagonist treatments rapidly increase both parameters (Fig. 6 A, B) . Furthermore, the effects of NMDA receptor antagonism can be mimicked by loading cells with BAPTA (Fig. 7) , indicating that the suppression of motility is probably initiated postsynaptically by Ca 2ϩ influx through the channel of the receptor.
The NMDA antagonist effect is reflected biochemically in increased SNAP-25. At synapses, SNAP-25 is part of the synaptic vesicle docking complex and is essential for vesicle fusion with the presynaptic membrane (Blasi et al., 1993; Sollner et al., 1993) . However, in young cultures of neonatally dissociated mammalian neurons and in intact neonatal cortex, SNAP-25 is diffusely distributed within the axoplasm (Osen-Sand et al., 1993) . Treatment of cultured neurons with antisense to SNAP-25 transcripts or botulinum toxin, which specifically cleaves the molecule, blocks elongation but not initiation of neuronal processes (Osen-Sand et al., 1993 . These observations on growth inhibition with disruption of SNAP-25, as well as the generally low level of synaptophysin staining in young tectal cultures, suggest that the reliable increase in SNAP-25 in response to AP-5 treatment reflects the association of the molecule with axon growth rather than with an increase in synaptic contacts. This conclusion is consistent with the unchanging levels of syntaxin, another member of the synaptic vesicle docking complex.
Lacking specific antigenic markers, these studies do not address changes in dendritic sprouting of tectal neurons in response to NMDA antagonists. However, dendritic changes would not be surprising because, in most tectal neurons, axons emerge from dendrites and correlated activity can regulate dendritic morphology of tectal neurons in vivo (Katz and Constantine-Paton, 1988) .
We also examined effects of glutamate receptor antagonists and TTX on cell survival in tectal cultures. By the third day of treatment, cultures exposed to M K-801 or C NQX were significantly different from control cultures in the number of surviving cells. The cell loss with M K-801 treatment may reflect a need for Ca 2ϩ influx through NMDA receptors. The noncompetitive blocker M K-801 would be expected to limit this more severely than would the competitive blocker AP-5. More perplexing, however, is the observation that C NQX treatment increased the number of surviving cells in cultures in which it had no effect on neuritogenesis. One explanation is consistent with the hypothesis that synaptic NMDA f unction induces f unctional AM PA receptors at young synapses (Liao et al., 1995; Durand et al., 1996; Wu et al., 1996; Isaac et al., 1997) . Perhaps, after 3 d in culture with ongoing NMDA receptor activity, C NQX in the medium rescues some tectal cells with combined AM PA and NMDA receptor function at synapses from excitotoxic cell death. Although delayed AM PA/KA receptor f unction relative to NMDA receptor function is not supported by our Ca 2ϩ -imaging data using specific antagonists in the presence of glutamate, there are two likely explanations for this discrepancy. First, NMDA receptors have much higher affinities for glutamate than do AMPA/KA receptors (Patneau and Mayer, 1990) . Whereas a difference in ligand affinity may not produce a functionally detectable effect when cells are swamped with bath-applied glutamate, it could play a significant role in limiting AMPA/KA receptor function at weak, endogenously active, synaptic sites. Second, experiments in chick neuron cultures have recently localized functional NMDA receptors at synaptic sites before AMPA/KA receptors. Nevertheless both receptors are present elsewhere on the plasma membrane (Kiyosue et al., 1997) , where they would contribute to responses to bath-applied glutamate.
Previous studies have reported effects of glutamate on neuronal process elaboration, with varied and frequently contradictory results. Thus, increases in spine density can be induced in ferret lateral geniculate neurons by acute application of AP-5 to slices (Rocha and Sur, 1995) , but increases in dendritic spines of hippocampal neurons cocultured with entorhinal cortex explants are seen only after multiple glutamate receptors subtypes are blocked (Kossel et al., 1997) . In isolated hippocampal neurons, glutamate inhibits dendritic sprouting and elongation acting via non-NMDA receptors (Mattson et al., 1988) . Also paradoxical are findings that glutamate applied to slices of hippocampal neurons produces a brief extension of spine-like processes (Smith and Jahr, 1992) and that NMDA receptor blockade applied to larval Xenopus tectal neurons reduces the initiation but not the lifetime of dendritic branches from neurons imaged in vivo (Rajan et al., 1996) .
Though the underlying mechanisms are uncertain, axonal responses to glutamate antagonism in the presence of target cells are more consistent than are dendritic responses. Thus, blocking synaptic responses increases retinal axon branching in intact Xenopus tecta (O'Rourke et al., 1994) . Similarly, in pontinegranule cell cocultures, the growth of pontine axons is inhibited on a bed of purified cerebellar granule cells, and inhibition can be removed when TTX or AP-5 is applied to the medium (Baird et al., 1992 (Baird et al., , 1996 .
The demonstration of a morphological function for NMDA receptor activity in young tectal neurons without AMPA/KA receptor activation raises the question of what removes the Mg 2ϩ blockade on the NMDA receptors expressed by these cells. There are three nonmutually exclusive possibilities. First, the stretch of young cell membranes mediated by growth cone contacts could unblock the NMDA channel (Paoletti and Ascher, 1994) . Second, spontaneous oscillations in membrane potential could serve this function. Third, activation of some other depolarizing receptor system(s) could be fulfilling this function. The tectum in situ contains cholinergic (Gruberg and Udin, 1978) , peptidergic (Kuljis and Karten, 1986) , and serotonergic inputs and peptidecontaining somata (Debski et al., 1995) . In addition, ϳ13% of cultured tectal neurons are GABAergic, which is similar to the proportion seen in intact lobes (Rybicka and Udin, 1994) . Thus, endogenous peptidergic or aminergic transmission or a depolarizing GABA A receptor-mediated current (Owens et al., 1996; Rohrbough and Spitzer, 1996) could produce the necessary depolarization in vivo. In addition, our data support a role for a metabotropic glutamate receptor in producing these depolarizations (Crepel et al., 1994; Miller et al., 1995; Congar et al., 1997) in culture, because glutamate can stimulate an NMDA-mediated Ca 2ϩ response in the absence of AMPA/KA receptor function Integrated OD value of a total of 11 gels from three independent experiments were measured by densitometry. The ratio of integrated OD value of the AP-5 and the control lane in the same gel was used to calculate means and SEs. A paired t test was used to determine the p value by using the difference between the integrated OD values of the AP-5 and the control lanes in the same gel. *p Ͻ 0.001.
and at a time when action potentials do not seem to play a significant role in endogenous glutamatergic activity. Recent studies in developing nervous system have demonstrated that many young synapses in situ, like contacts in our young dissociated tectal neurons, show functional NMDA receptors before evidence of AMPA receptor function (Liao et al., 1995; Durand et al., 1996; Wu et al., 1996; Isaac et al., 1997) . These electrophysiological studies f urther suggest that the early NMDA receptor activation may be necessary for inducing AMPA receptor f unction. The present studies demonstrate a sprouting effect of early NMDA receptor blockade at young neuronal contacts that cannot be mimicked by AM PA/KA receptor blockade, indicating that AM PA receptor currents are not normally active in removing the voltage-dependent Mg 2ϩ block of the NMDA channel at this stage. Assuming these early cultures effectively represent the situation at the onset of synaptogenesis in the intact animal, these data indicate that NMDA receptors can f unction before action potentials and can play a significant role in shaping C NS circuitry. Indeed, previous studies on early cortical slices suggest such NMDA receptor activation occurs before synapses can be driven by stimulation from the white matter (L oT urco et al., 1991) .
Thus, these findings suggest the following addition to the model of silent synapse function generated from electrophysiological studies. During the earliest phases of synaptogenesis, spontaneous glutamate release at young neuron-neuron contacts would activate some NMDA receptors to limit the continued sprouting of axons and possibly dendrites as well. This would favor the accumulation of glutamatergic inputs, and it might also increase the amount of glutamate released from the less-ramified neuron terminals (Yen et al., 1995) . Increases in the number and possibly the potency of inputs on a postsynaptic membrane would increase the probability that pure NMDA synapses have spontaneously released glutamate in the cleft when postsynaptic depolarization relieves the Mg 2ϩ block of the receptor. More frequent and larger NMDA receptor currents might, as in the pairing paradigm used in electrophysiological investigation, lead to more AMPA receptor synaptic function. Finally, combined AMPA/NMDA synaptic currents would increase the probability of spike initiation and local circuit spike activity. Thus, an early local function for NMDA receptors in suppressing neurite sprouting and elongation could greatly facilitate the more familiar action potential-dependent, competitive phase of synapse differentiation.
